e mechanism of concrete deterioration in sodium sulfate solution is investigated. e macroperformance was characterized via its apparent properties, mass loss, and compressive strength. Changes in ions in the solution at di erent sulfate attack periods were tested by inductively coupled plasma (ICP). e damage evolution law, as well as analysis of the concrete's meso-and microstructure, was revealed by scanning electron microscope (SEM) and computed tomography (CT) scanning equipment. e results show that the characteristics of concrete di ered at each sulfate attack period; the drying-wetting cycles generally accelerated the deterioration process of concrete. In the early sulfate attack period, the pore structure of the concrete was lled with sulfate attack products (e.g., ettringite and gypsum), and its mass and strength increased. e pore size and porosity decreased while the CT number increased. As deterioration progressed, the swelling/expansion force of products and the salt crystallization pressure of sulfate crystals acted on the inner wall of the concrete to accumulate damage and accelerate deterioration. e mass and strength of concrete sharply decreased. e number and volume of pores increased, and the pore grew more quickly resulting in initiation and expansion of microcracks while the CT number decreased.
Introduction
Concrete is an important construction material that has been extensively researched and developed over many decades. e durability of concrete structures depends on environmental conditions. Sulfate attacks are a primary chemical attack of concrete, and thus analyzing their impact can help to elucidate the durability of concrete structures and predict their service life as they are subject to damage and deterioration. e main hydration products of cement and sulfate react to generate expansive products resulting in loss of strength [1] [2] [3] [4] .
e drying-wetting cycle can accelerate this process.
e causes and mechanisms of sulfate attack deterioration have been researched extensively from the perspective of sulfate attack alone [5] [6] [7] [8] [9] [10] [11] [12] as well as the coupling of drying-wetting cycles and sulfate attack [13] [14] [15] .
Concrete is deteriorated under sulfate attack because the sulfate ions pass through the pores and the material components undergo a chemical reaction.
is leads to the initiation and expansion of pores/cracks and loss of strength [16] . e macromechanics at work during the damage process can be determined by measuring the internal pore structure changes under di erent deterioration conditions. Many researchers have used the mercury intrusion porosimetry (MIP), nitrogen adsorption, scanning electron microscopy (SEM), and other methods to study this process; the distribution of pores' measurements is relatively accurate over a wide range of measurements. However, traditional microresearch methods have notable drawbacks. e specimen preparation process typically results in grinding damage because the initial state distribution of pores in the same concrete specimen cannot be repeated. X-ray CT scanning technology is an e ective and nondestructive technique for observing material microstructures. Yuan et al. [15] studied sulfate attack and drying-wetting cycles to observe the concrete's mesodamage process using CT. Qian et al. [17] used nanoindentation and micro-CT to research concrete pore and mechanical properties under sulfate attack. Naik et al. [18] studied the e ects of cement type and water-to-cement ratio on concrete sulfate attack by micro-CT and XRD. El-Hachem et al. [19] identi ed sulfate attack products and cracks at di erent points in the attack process via X-ray microtomography.
Despite these and other valuable contributions to the literature, however, these current studies are generally limited to two-dimensional pore structure evolution characteristics under the sulfate attack environment. Accordingly, further research is necessary concerning the three-dimensional pore structure evolutions, as well as the relationship between the mechanical properties of concrete material and its microstructure. In this paper, we investigated deterioration in concrete specimens subjected to sulfate attack per the macroscopic physical mechanical properties of the material. e mesostructure of the concrete was characterized using the CT technique, and then the three-dimensional (3D) pore structure of the concrete was reconstructed with digital image processing (DIP) technology. e variation in porosity and pore distribution characteristics was quantitatively analyzed, and then pore regional division methods were established accordingly. e relationship between the damage mechanical properties of concrete material and its microstructure was analyzed under the coupling of sulfate attack and dryingwetting cycles.
Experimental Procedure

Experiment Materials and Specimen Preparation.
e materials used to be of the Chinese medium-heat Ordinary Portland cement 42.5R produced by Shanxi Jidong Cement Limited Company were adopted. e coarse aggregate was Shanxi Province Yang gao crushed stone with a diameter within 5-30 mm; the ne aggregate was Shanxi Province Yang gao natural river sand with a diameter of 0-5 mm. A naphthalenebased superplasticizer was applied to produce fresh concrete with improving workability. e mix proportions by weight of concrete specimens were listed in Table 1 . We made cubic specimens for compressive strength and for mass loss tests. Figure 1 shows the main concrete specimens. Cubic plain concrete specimens (100 × 100 × 100 mm) were cast in steel molds. After 24 h, all the specimens were demolded and cured at 25°C and 95% relative humidity for 28 days in a standard curing room.
Experiment Methods.
In order to obtain the experimental results more quickly, the specimens were kept in Na 2 SO 4 mixed solution with 15% concentration (by mass) and pH 3. Since the pH values of the solutions were changing with the conditioning continued, acids were measured with a pH meter every 8 hours to ensure a pH value constant, and acidity was recorded by DZS-708 Acidometer (Figure 2 ). e concrete specimens were immersed in the solution for 60 hours and then placed in a drying oven for 10 hours at 60°C followed by another 4-hour cooling process ( Figure 3) . e specimens were then soaked in sulfate solution for 16 hours.
is process was repeated over 3 days to complete one dryingwetting cycle. Drying-wetting cycles were continued for 63 days. e dimensions of specimens for the test of compressive strength, mass loss, and CT were 100 × 100 × 100 mm. It was important to note that all experiments are performed on three specimen replicates.
Visual Appearance.
e visual appearance of the concrete specimens immersed in sodium sulfate solution was periodically examined to check for spalling, cracking, expansion, and mass loss due to sulfate attack.
Mass Loss Test.
According to the GB/T50082-2009 [20] method, mass of the specimens at each sulfate attack period was measured on an electronic scale with an accuracy of 0.01 g.
Uniaxial Compressive Strength Test.
We also measured the average compressive strength of three specimens per batch subjected to sulfate solutions according to the GB/T50081-2002 [21] method. e compressive test was carried out on an electrohydraulic servo compressive testing system (WAW3100, Figure 4 ) with a capacity of 1000 kN. An antifriction measure was taken by using a PTFE plastic board and carbon dust between loading plates. Tests were conducted in the stress-controlled mode at a loading rate of 0.5 MPa/s until failure.
X-Ray CT Test.
e X-ray CT device used in this test was a Toshiba Aquilion One computed tomography scanner at Shaanxi Province Hospital ( Figure 5 ). e internal structures of the concrete specimens (with the dimensions of 100 × 100 × 100 mm) were tested at 0, 21, 42, and 63 days of sulfate attack. e specimens were scanned at 0.5 mm interval, and representative four scanning cross sections of the specimen were selected to analyze in this study ( Figure 6 ).
e dimensions of the gray images were 1024 × 1024 pixel 2 , and the minimum resolution was 0.1 mm.
SEM and XRD Test.
Scanning electron microscopy (SEM) and X-ray di raction (XRD-Empyrean) were used to investigate and analyze the microstructure of the specimens that underwent sulfates attack. e specimens used for SEM observations were 2 cm thick slices from the concrete prisms. e pressure in the specimen chamber was 50 Pa, and the accelerating voltage was 20 kV. After grinding into powder, the cement paste was investigated by XRD to analyze the change in reaction products after sulfate attack. Figure 7 shows images of the surface damage characteristics of specimens exposed to sodium sulfate solutions for 63 days. After 21 days of sulfate attack, the concrete surface showed white sodium sulfate crystals so that the surface of the concrete precipitation was "frosted." is is because the saturated sodium sulfate solution directly crystallized, and the chemical reaction products were hydrated to produce crystal products accompanied by physical deterioration. e specimen surfaces were generally coarse at this point. After 42 days of sulfate attack, honeycomb pores were generated, and the edges and corners of specimens showed sanding phenomena and pitting deterioration. After 54 days of sulfate attack, the pitting deterioration depth markedly increased, and several microcracks appeared on the specimen surface from the edges and corners. e cement was dissolved, and coarse aggregates were seen at the edges. After 63 days of sulfate attack, the specimens became severe loose and powdery.
Results and Analysis
Visual Appearance.
e surfaces of the concrete specimens underwent sulfate attack, and drying-wetting cycle treatments were observed under a Zeiss Stemi 508 3D high-depth stereo microscope ( Figure 8 ). is was enlarged 60-fold for analysis as shown in Figure 9 . As expected, more crystals appeared on the specimen pores as the drying-wetting cycles progressed. At 42 days of sulfate attack, expansive products in the solution lled the pores of the material with a white precipitate.
e cracks initiated and propagated from the pores. At 54 days of sulfate attack, the surface became rough, and the edges of the pores became blurred. After 63 days of sulfate attack, the aggregate was ejected from the surface, and cracks rapidly propagated from the pores. Figure 10 shows the variations in mass and compressive strength in concrete exposed to drying-wetting cycles with sulfate attack. It was shown that the variation in mass experienced two periods. In the early period of sulfate attack, the mass of the concrete specimens increased. is was because the solution reacted with the cement hydration products, lled the material's pores, and increased its mass. In the late period of sulfate attack, the mass continued to decrease as hydration products such as C-S-H and calcium hydroxide gradually dissolved from the surface and specimens became severe loose and sanding.
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Mass and Uniaxial Compressive.
e uniaxial compressive strength of the specimens' presented "up-down" trend as the sulfate attack period progressed. Initially, the hydration expansive products ettringite, gypsum, and sulfate crystals lled the pores to improve the specimen's density and strength.
en, the expansion force of ettringite and gypsum and the crystallization pressure produced by sulfate crystallization then began to act on the pore walls. When the pressure of the pore wall exceeded the concrete's tensile strength, many internal microcracks appeared and decreased the uniaxial compressive strength. e deterioration of macroscopic mechanical properties was attributed to the combined action of specimens in the acidic sulfate solution and drying-wetting cycles. in the solution dissolved due to a series of water chemistry reactions after 63 days of sulfate attack ( Figure 11 ). ese ions' concentrations were high at the initial period of sulfate attack, and then the calcium hydroxide and magnesium hydroxide on the surface of the concrete specimen rapidly dissolved in the acid solution. e dissolution rate of calcium and magnesium ions decreased slightly as the pores grew in size and number with better-connected inltration pathways. Figures 12 and 13 shows SEM images of the concrete subjected to a sodium sulfate solution for 63 days. e needle-shaped ettringite and short columnar gypsum crystals of the sulfate attack products were found in the cracks and inner pores of the specimen. e formation of these products not only reduced the bond strength between the aggregates and mortar but also continually caused swelling, cracking, and spalling. e EDS spectra indicated that the expansive products were aluminum, sulfur, calcium, silicon, and other elements.
SEM Result Analyses.
e main elements were trace elements of gypsum and ettringite. e XRD patterns of the specimens show typical crystals and phases of hydrated cement. After sulfate attack, large amounts of expansive products such as gypsum and ettringite were produced, while the main hydration products such as C-S-H and Ca(OH) 2 gradually dissolved or decomposed-this destroyed the bonds between the aggregates and mortar and damaged the specimens. is reveals the presence of gypsum (CaSO 4 · 2H 2 O) and ettringite (3CaO · Al 2 O 3 · 3CaSO 4 · 32H 2 O) that formed via the following equations:
3.5. CT Test Result Analyses. CT was used to characterize the changes in the internal structure of the concrete specimens at di erent sulfate attack periods. CT data were analyzed with the visualization software ENVI ® .
rough this strategy, the pore and crack distributions of di erent specimen cross sections as a function of sulfate attack period may be determined. Numerous 2D images were obtained from each specimen.
us, we chose representative specimens labeled DW-1 and DW-2 images to analyze (Figure 14) . It was noted that these image processing methods were not described in this study, and more research content can be found in our previous study [22] . 6 Advances in Materials Science and Engineering 
CT Number Analysis Results. CT number (CTN) in
Houns eld units represents the mean X-ray absorption which is related to the density of materials.
e average CTN of the concrete samples' cross sections ranged from −1600 to 2100. e relationship curve between average CTN and sulfate attack period of DW-1 and DW-2 is shown in Figure 15 . e average CTN increased throughout the early period (to day 21) of sulfate attack. Ettringite, gypsum, and sulfate crystals lled the specimen's micropores and increased the overall density.
ere were no signi cant changes in the CT images at 42 days of sulfate attack, but the CTNs did decrease as the swelling force of the sulfate attack products acted on the pore walls, and the pores size were slightly expanded.
ere was accumulating damage that accelerated the deterioration rate in the specimens. At 63 days of sulfate attack, the CTN decreased signi cantly. e values of the sections decreased by 19.6% and 5.86% for DW-1 and DW-2, respectively. e reason may be denser edges, and corners of the specimens were sanded by sulfate attack, which caused the CTN decreased.
Pore Characteristic Analysis Results.
e 3D pore structures were reconstructed by VGStudio MAX 2.0 software. e surface t function was used to set the proper thresholds (the pore threshold was set as −831 to -1292 HU) and segment the images into two phases at which point we could calculate porosity using the volume analysis tool. e information obtained from the reconstruction model includes 3D pore distributions with color based on size or volume as shown in Figure 16 . Tables 2 and 3 show the e ects of sulfate attack on the porosity of concrete. In the procedure of sulfate attack, the porosity of the concrete rst decreased and then increased. is is consistent with the change in the average CT number. After 21 days, specimen porosity decreased by 11.6% and 6.3% for DW-1 and DW-2, respectively. For the reasons analyzed above, the porosity of the specimen decreased, which was attributed to the expansive products of the ettringite and gypsum as well as sulfate crystallization lling e ect. At 42 days of sulfate attack, there was an increase in porosity because the swelling forces of the sulfate attack products and sulfate crystallization pressure acted on the pore walls. e resulting force of the two bodies exceeded the lling e ect and drove the specimen porosity up to 2.06% and 3.41% for DW-1 and DW-2, respectively. After 63 days of sulfate attack, the pore connectivity was accelerated, and the volume of the pores increased eventually leading to microcracks being initiated and expanded. e specimen's internal porosity increased by 14.2% and 66%, and the specimen's overall structure became very loose. Tables 2 and 3 also indicate that the sulfate attack had a substantial impact on the number of internal micropores in the concrete. After 63 days, the total number of micropores increased by 15% and 31% for DW-1 and DW-2, respectively. e law of pore evolution is illustrated in Figure 17 .
Porosity.
Pore Distribution Characteristics.
e pore-volume distributions of DW-1 and DW-2 were counted and are shown in Tables 4 and 5 ) at 42 days of sulfate attack. After 63 days of sulfate attack, the pore volume with 0-5.5 mm 3 increased and pore volume with 5.5-10 mm 3 decreased. e reason for this may be as follows: (1) the microcracks expanded and cut through the larger pores signi cantly increasing the quantity of the small pores and (2) the small pores increased as expansion pressure caused by sulfate crystals created new pores.
Change in Porosity with Uniaxial Compressive Strength.
e relationship between porosity and uniaxial compressive strength of DW-1 and DW-2 specimens is plotted in Figure 18 . As the sulfate attack progressed, the volume porosity decreased, and there was a negative correlation between the uniaxial compressive strength and porosity. e porosity of concrete has an important e ect on concrete's mechanical properties and macrodamage characteristics. When the porosity was around 2%, the uniaxial compressive strength changed rapidly indicating that the expansion of the pore degraded the mechanical properties. e uniaxial compressive strength reached the minimum when the porosity was 3.76%. Equation (3) was obtained by tting the test data:
where p is the porosity and f c is the uniaxial compressive strength.
Pore Regional Division
Characteristics. e sulfate mainly acted on the surface of the concrete, which due to specimens' inner pores were mostly closed and the inltration pathways were not connected. As Figure 19 (a) displays, the signi cant sanding and pitting occurred on the surface of the specimen. It indicated the specimen's thickness (green color) after 63 days of sulfate attack, the thickness and depth of deterioration region near the surface of the specimen increased, and small cracks and connected pores formed during the sulfate attack period (Figure 19(b) ).
e solution more readily in ltrated the specimen over time to the point where it a ected the internal pore regions of the specimen. So, we propose the pore regional division modeled in Figure 20 (a): (1) Region 1 is one-fourth of the global region-a 25 mm × 25 mm cube central region; (2) Region 2 is one-half of the global region-a 50 mm × 50 mm cube area; and (3) Region 3 is the global region. Based on the pore regional division method, the 3D reconstruction of pores' structure in different divided regions is displayed in Figure 20(b) . Figure 21 and Table 6 display that the porosity in di erent regions of the specimens exposed to drying-wetting cycles during sulfate attack. Porosity rst increased and then decreased in Region 3, but these changes were little complicated in Regions 1 and 2. In the early period of sulfate attack, sulfate ions entered the pores in the material and gradually in ltrated it. Region 3 experienced a signi cant decrease in porosity during the rst 21 days of sulfate attack. is was mainly due to the formation of gypsum, ettringite, and other precipitation products as well as the salt crystal lling action. Regions 1 and 2 indicated slight increases in porosity, and the cause for this may be (1) pore water was converted to gas over ow through the drying-wetting cycles, which increased the size of the pores and thus their connectivity. (2) Regions 1 and 2 were not signi cantly a ected by the sulfate solution as pore in ltration paths were not formed. After 42 days of sulfate attack, there was a signi cant increase in porosity in Region 3 due to the combined action of sulfate attack products' swelling force and sulfate crystallization pressure. At this stage, cracks and pores in Region 3 allowed for solution in ltration leaving Region 2 susceptible to the sulfate as porosity continued to increase. After 63 days of sulfate attack, global porosity of Region 3 abruptly decreased due to local pitting and sanding. e porosity of Region 2 also increased at this point due to the constant expansion of the pores that were a ected by solution in ltration. Region 1 central portions of the specimen were only a ected by the drying-wetting cycle-their porosity continued to slightly increase throughout the experiment.
Porosity of Regional Division.
Pore Volume Distribution Characteristics of Regional Division.
e pore-volume distributions of concrete are illustrated in Figure 22 . e ve characteristic ranges of pore volumes with corresponding distribution were observed: 0-0.5 mm As shown in Figure 22 , Region 3 of specimens was di erent in the pore distribution from Region 1 and Region 2. In the Region 3 of specimens, the pores with volume 0.5-1 mm 3 were 36.7% of total pore volume, which was higher than the other pore-volume proportions. ese ranges of pore volume rst increased and then decreased during sulfate attack period. e reason is mainly due to the large pore space was lled, and thereby, the great number of small pores also emerged at the sulfate attack period. As the sulfate attack progressed, the small pores continuously emerged and developed, and the larger pores were formed. In Region 2 of specimens, the pores with volume more than 10 mm were mostly inside in this region. ese pore volumes showed an increased and then decreased trend. As per the above analysis, when pore in ltration path was formed, the sulfate solution acted on the pore wall and made the pore volume increased. After 63 days of sulfate attack, the surface of specimens su ered macrodamage causing the large pore volume decrease. In Region 1 of specimens, the pores with volume 0-0.5 mm take up 34.2% higher than the other porevolume proportions. ese ranges of pore volume continued to decrease throughout the experiment. It indicates that this region is little signi cantly a ected by the sulfate attack, and drying-wetting cycle was the main factor of the change in pore volume.
Conclusion
e behavior of concrete under sulfate attack and repeated drying-wetting cycles was investigated in this study. Our conclusions can be summarized as follows:
(1) Macroperformance was investigated via its apparent properties, mass loss, and compressive strength. Mass loss decreased initially due to the formation of expansive products by cement hydration. Mass loss increased in the middle stages of sulfate attack as hydration products such as C-S-H and calcium hydroxide gradually dissolved from the surface destroying the bonds between the aggregate and the mortar. e uniaxial compressive strength of the concrete specimen increased at the beginning of the drying-wetting cycles but then decreased over time. (2) 3D pore structure of concrete specimens was reconstructed under the action of sulfate attack. e porosity and pore distributions changed over time in all specimens. After 21 days, the porosity decreased by 11.6% and 6.3% for DW-1 and DW-2 specimens, respectively. After 42 days, the porosity increased to 23.3% and 64.8% due to swelling force of the sulfate attack products and the sulfate crystallization pressure acting on the pore walls, respectively. After 63 days, the specimen's internal porosity increased by 4.8% and 7.6% for DW-1 and DW-2, respectively, and the specimen's structure became very loose. Pores with 0.5-1 mm 3 in volume dominated the specimens at this point. After 63 days, the pore volume decreased, and the quantity of micropores increased, indicating that the pressure caused by crystal expansion created new pores. Microcracks also expanded and cut through larger pores. (3) e pore partition analysis showed signi cant differences in porosity and pore-volume distribution across di erent regions. Porosity decreased and then increased in the global region, but these changes were more complicated inside the one-half region and the central region. Region 3 of specimens is di erent in the pore distribution from Region 1 and Region 2. In Region 3 of specimens, the pores with volume 0.5-1 mm 3 were higher than the other pores with volume proportions. In Region 2 of specimens, the pores with volume more than 10 mm were mostly inside in this region. ese pore volumes showed an increased and then decreased trend. In Region 1 of specimens, the pores with volume more than 0-0.5 mm take up 34.2% higher than the other porevolume proportions. ese pore volumes continued to decrease throughout the experiment.
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